Abstract: Recently, a number of groups have reported a dramatic reduction in the minimum size of lasers, achieved via the use of metals to form the laser's resonant cavity. These results dispel misconceptions that the minimum laser size is limited by diffraction and dielectric cavities. Furthermore, the use of metals allows an abundance of cavity designs, providing a rich research area, the possibility of new important applications for small highspeed lasers, and new flexible and efficient coherent light emitters.
There has been a steady push to further miniaturize lasers as there are benefits similar to those seen with the shrinking dimensions of electronic components. A smaller laser requires less power and can potentially be switched on and off faster. The main thrust of research in nanolasers has been into photonic crystal cavity lasers [1] . Here, the light is confined strongly in two dimensions by what are effectively 2-D Bragg mirrors formed by making a pattern of holes in a high-refractive-index semiconductor. In all of these cavities, the refractive index differences of dielectric materials are used to confine the light. The smallest dimensions to which the optical mode of such cavities can be confined is related to the diffraction limit and is on the order of one half of the wavelength of light in the dielectric material. Furthermore, the dielectric mirror structure typically has to be many wavelengths in size, in order to be effective, implying that the total laser size is still large compared to the wavelength of light.
For a long time it was thought that diffraction effects made it impossible for lasers and other photonic devices to be smaller than about half the wavelength of the light they emitted or processed. However, it is possible to beat this Bdiffraction limit[ by guiding light in the form of surface plasmon polaritons (SPPs) at the interface between a metal (conductor) and a dielectric (nonconducting) material such as air [2] , [3] . The minimum size scales of structures employing this form of light confinement is related to the penetration depth of light into the metal, which is typically of the order of tens of nanometers.
An SPP is a light wave trapped at the metal/dielectric interface due to its interaction with conduction electrons at the metal surface. Unfortunately, the oscillating conduction electrons dissipate energy through collisions with the metal's atomic lattice. This energy dissipation leads to high optical losses; therefore, SPPs can only travel short distances, limiting the size and complexity of plasmonic circuits.
Until recently, many researchers doubted if it would be possible to overcome the losses in plasmonic or metallic waveguides and cavities with the currently available optical gain materials. Thus, nanolasers would always be based on dielectrics and limited by diffraction in size. Only recently have metallic nanocavity lasers showed that lasers can be made with a truly small overall size and a tightly confined optical mode [4] .
In 2009, there were a number of significant steps forward in the field of metallic/plasmonic nanolasers, both in the further miniaturization and in moving these devices closer to applications. For electrically pumped metallic/semiconductor nanolasers, it was demonstrated that lasing at near infrared wavelengths is possible in metal-insulator-metal (MIM) waveguide structures, which can tightly confine light far below the diffraction limit [5] (see Fig. 1 ). The total insulator and semiconductor width of the MIM waveguide was about half the diffraction limit; therefore, these devices propagated a transverse magnetic or a so-called gap-plasmon mode. Additionally slightly wider devices which propagated a transverse electric mode showed operation at room temperature, which is an important step for applications. Another group from University of California at San Diego had success with metal/semiconductor nanolaser structures, showing room-temperature operation for an optically pumped device which was less than a free space wavelength of light in all three dimensions (also in the near infrared) [6] . Others at the California Institute of Technology showed evidence of lasing in a microdisk cavity having one side coated with metal [7] .
Meanwhile, researchers at the University of California at Berkeley, the Lawrence Berkeley National Laboratory, and Peking University showed lasing in a section of a hybrid dielectric/ plasmonic waveguide [8] . The waveguide is constructed from a flat metal substrate (silver) coated with a thin dielectric layer on which a thin semiconductor nanowire is placed [9] . The optical mode propagating in the silver/dielectic/semiconductor waveguide has a significant amount of its energy squeezed into the thin dielectric gap between the nanowire and the metal substrate, leading to a highly localized mode which has, according to calculations, an area that is significantly below the diffraction limit. The tail of the propagating mode overlaps with the semiconductor nanowire, which acts as the gain medium. The nanowire forms a Fabry-Perot cavity, with the plasmonic modes resonating between its two ends (which are a few micrometers or more apart). Using short optical pulses to pump the semiconductor nanowire, lasing is shown in the Fabry-Perot cavity at low temperatures, in the blue part of the visible spectrum.
Even more remarkable, researchers at Norfolk State University, Purdue University, and Cornell University have shown lasing in a gold nanoparticle with a diameter of 14 nm that is surrounded by a silica shell containing dye molecules that exhibit optical gain (to give an overall diameter of 44 nm) [10] . The gold nanoparticle which forms the optical cavity has a plasmon resonance at a wavelength of 520 nm. When the dye molecules are pumped by short optical pulses, there is sufficient gain created to overcome the losses in the gold, and a coherent source of highly localized SPPs is created. It is truly remarkable to demonstrate such a laser-like device with a cavity, gain medium, and optical mode that are all an order of magnitude smaller than the wavelength of light in all three dimensions.
So how small can lasers be made? There is speculation that they could be made down to the size of few nanometers [11] . It appears plausible that both dye and semiconductor lasers could be made [5] , [6] is to encapsulate a semiconductor heterostructure pillar in an insulator and a low optical loss metal such as silver or aluminium. Such an approach is particularly suitable for electrical pumping of the laser. (b) The optical mode in such structures is trapped on the InGaAs gain region in the center of the pillar due to refractive index differences.
down to a size of a few tens of nanometers in several dimensions [12] , [13] . Certainly in the next few years, experiments will probe these incredible minimum size limits.
Will such small lasers have any use? With laser size now no longer limited by diffraction, the modulation or switching speed of these nanolasers can potentially reach into the terahertz region [14] , at low power consumption, which will be of interest for short-range optical communication and switching applications. The availability of ultrasmall high-speed SPP sources will also open up the way to complex nanoscale optical systems based on plasmonics. Finally, now having independent lasers that can be formed into arrays of subwavelength pitch may open up new possibilities for subwavelength scanning and optical atom traps.
For many applications, there will be a requirement for continuous operation at room or higher temperatures with good device lifetimes and efficient electrical pumping of the laser gain medium. If these challenges can be met, then spasers [11] or plasmonic nanolasers will be widely employed diverse areas, including information processing, communications, sensing, and possibly many other new applications.
